We examined the relationship between plant community diversity (species richness, evenness) and stability in an alpine Dryas octopetala heath exposed to four years of warming (open top chambers) and nutrient addition at Finse, southern Norway. Furthermore, we examined if different functional types responded differently to the interaction between environmental change and initial community diversity. We used the temporal change in species composition, calculated as the sum of change in sample scores in detrended correspondence analyses, as a measure of variability (opposite of stability). Under ambient conditions, a high initial species richness was associated with less stability of the total species composition. Under experimental warming, initial high species richness and evenness were associated with a more stable subsequent vascular species composition. Vascular stability decreased, however, with higher species richness under nutrient addition. When warming and nutrient addition were combined, high initial evenness was associated with more stable bryophyte composition, whereas high species richness was associated with reduced lichen stability. Thus, the degree and direction of the diversity-stability relationship depended on the type of environmental perturbation, the responding functional type, and on the diversity parameter used. The large variation in diversitystability relationships is likely an outcome of complex species interactions and environmental factors influencing community diversity.
Introduction
The accelerating loss of global biodiversity has highlighted the question of the functional importance of diversity in ecosystems (Loreau et al., 2002) . Moreover, a long-lasting debate has discussed to what extent diversity can stabilize ecosystems in the face of changing environmental conditions (see Loreau et al., 2002; Hooper et al., 2005) . Several ecologists have hypothesized that high species diversity increases ecosystem stability (e.g. Elton, 1958; McNaughton, 1977 ; see also Tilman et al., 2001, and Hooper et al., 2005) . Different species in a community may vary in their functional attributes. Therefore, they may respond differently to changes in the abiotic environmental conditions, which may enhance the ability of the particular system to resist changes (Yachi and Loreau, 1999; Hooper et al., 2005) . This was shown for the first time when Frank and McNaughton (1991) demonstrated that community composition of diverse grasslands was more resistant to drought than less diverse grasslands. Conversely, diversity may also function to destabilize population dynamics because a high diversity may increase the number of interactions and thus result in larger fluctuations in population densities (May, 1973; McNaughton, 1977; Tilman, 1996; see Loreau et al., 2002) . A review by Hooper et al. (2005) concluded that in most cases, diversity affects stability, either positively or negatively, but that the underlying mechanisms are far from known. Furthermore, most diversity-stability studies are from grasslands, and only one of fifteen studies reviewed by Loreau et al. (2002) used a perturbation of intrinsically positive effect on the production of most species in the system (N-supply; Mellinger and McNaughton, 1975) . Determinants of diversity may vary among communities of contrasting environmental conditions, and consequently the functional role of diversity may be different. Furthermore, environmental perturbations that increase community productivity may have different effects on species interactions, and subsequently on the community, than perturbations that decrease productivity. Thus, to fully understand the functional role of diversity on stability, we need studies of systems under a range of abiotic and biotic conditions imposed to different types of environmental perturbations (Loreau et al., 2002) .
Climate change is predicted to be one of the most important drivers of biodiversity changes, particularly in habitats of low temperature, such as the alpine (Sala et al., 2000) . In lowproductive alpine plant communities, minor changes in the environmental conditions may result in large responses in production and subsequent species interactions and community dynamics (e.g. Klanderud and Totland, 2005a) . Experimental studies have shown that individual species or functional types may respond with different speed and amplitude to environmental changes (e.g. Arft et al., 1999; Klanderud and Totland, 2005a; Walker et al., 2006) , which may result in secondary changes in community composition (Hollister et al., 2005; Jó nsdó ttir et al., 2005; Wahren et al., 2005; Klanderud, 2008) . Moreover, recent studies have shown that environmental changes can modify species interactions (Bret-Harte et al., 2004; Klanderud and Totland, 2005b; Brooker, 2006; Wipf et al., 2006) . Consequently, we predict that the functional role of community diversity on stability may vary with the type of perturbation imposed on the community, and that different functional types may respond differently to the combined effect of environmental change and initial community Arctic, Antarctic, and Alpine Research, Vol. 40, No. 4, 2008, pp. 679-684 E 1523-0430/08 $7.00 diversity. The aim of this paper is to examine (1) if there is a relationship between diversity and stability, measured as temporal change in species composition (variability; Loreau et al., 2002) in an alpine plant community subjected to four years of warming and/or nutrient addition; (2) whether diversity-stability relationship depends on the type of environmental perturbation; (3) whether the interactions between initial community diversity, environmental perturbation, and stability differ among functional types; and (4) the relative role of the number of species vs. their relative abundance (evenness) for stability.
Study System and Methods
This paper is based on a study conducted in a Dryas octopetala heath at ,1500 m elevation on Sandalsnuten, Finse, northern part of Hardangervidda (,60uN, 7uE) , the alpine region of southwestern Norway. Mean monthly temperature during June, July, and August at 1200 m elevation at Finse is 6.3uC (Aune, 1993) , and mean monthly precipitation during the same months is 89 mm (Førland, 1993 ). An experiment on simulated environmental change effects on plant community parameters was initiated in 2000 and sampled in 2003 (see Klanderud and Totland [2005a] for details on experimental design, and Klanderud [2008] for details on species composition before and after the treatments). Temperature treatment (T), nutrient addition (N), temperature and nutrient addition (TN), and controls (C, no treatment) were allocated to four 1 3 1 m plots with ten replicates (blocks). We increased temperature by using open-top chambers (OTCs; Marion et al., 1997; Hollister and Webber, 2000) , and increased nutrient availability by adding slow-release granular NPK once early in season (,10 g N, 2 g P, and 8 g K per m 2 /growing season). Open top chambers increased summer air temperature ,5 cm above ground by ,1.5uC, and soil temperature ,5 cm below ground by ,1uC (Klanderud and Totland, 2005a) .
To disentangle initial variability among treatment plots from experimental effects, we analyzed the variability in initial species composition, richness, and evenness before treatments in 2000. We used redundancy analysis (RDA; ter Braak and Š milauer, 2002) to examine differences in initial species composition by testing each of the treatment variables and blocks (T, N, block; environmental variables) in a forward selection with 9999 unrestricted permutations. We used analysis of variance (ANOVA) to examine the variability of initial diversity parameters (response variables; species richness, evenness) with treatment as a fixed factor and block as a random factor. To be able to separate the functional role of diversity parameters from factors that determine the actual diversity in this system, we measured important environmental factors, such as the cover of the dominant species Dryas octopetala and soil parameters. We collected two soil samples from ,5 cm below ground in each plot by the end of August 2000. We mixed the samples from each plot properly before analyses. The soil was weighed and dried at 105uC for 24 hours to estimate water content, and then combusted at 550uC for 12 hours to measure the organic matter content via weight loss on ignition (LOI). An electrode was used to measure pH. Extractable soil nitrogen (NH 4 + + NO 3 2 ) was measured by extraction with KCl and analyzed by Flow Injection Analysis at the Department of Plant and Environmental Sciences, Norwegian University of Life Sciences, Å s. We used correlation analysis to examine the relationship between community diversity parameters and the different environmental factors. We recorded plot species richness (number of species) by counting the presence of all species within thirty-six 10 3 10 cm subplots within the 1 3 1 m plot, and estimated the abundance by calculating the frequency of subplots where each of the species was present within each plot. This was done in 2000 (before treatments) and in 2003 (after four growing seasons of treatment). We calculated evenness (Pielou, 1975) indices for the 2000 data. We used the change in species composition, calculated as the total distances between the two samples scores from 2000 and 2003 along the first four axes in detrended correspondence analyses (DCA, ter Braak and Š milauer, 2002) , as a measure of variability. We did one DCA for the whole species composition, and one for each of the functional types, with the first four axes explaining 32.1%, 38.7%, 40.8%, and 57.5% of the total variation explained, for the whole species composition, vascular, bryophyte, and lichens, respectively. DCA arranges species according to reciprocal averaging, and the magnitude of change remains relative and vegetation changes appear as ranks. A large amount of abundance change will not lead to displacement of plots in an ordination, i.e. not all compositional change is reflected as displacement along ordination axes. Thus, this is a conservative method for detecting changes. See Klanderud (2008) for environmental interpretation of the DCA axes.
We used analysis of covariance (ANCOVA) to assess if there was a relationship between initial diversity parameters (species richness, evenness) and the change in community species composition (variability), and if such relationships differed among treatments (C, T, N, TN). We used temperature treatment (T) and nutrient addition treatment (N) as fixed factors; block as a random factor; the initial diversity parameter as a co-variable; and change in total (all functional types combined), vascular, bryophyte, or lichen species composition (variability) as dependent variables (one model for each variable). Significant interactions between treatments and diversity parameter indicated contrasting relationship between treatments, so we used simple linear regressions with initial species richness or evenness as the predictors, and change in species composition as the dependent variable to examine the slope of the relationships of each treatment separately. Changes in species composition-parameters (variability) were log transformed to fulfill the assumptions of normality and equal variances before analyses. DCAs and RDAs were computed in CANOCO 4.5, all other analyses were done in SYSTAT 10.
Results
ANOVAs showed no variability in species richness (F 3,36 5 0.33, P 5 0.804) or evenness (F 3,36 5 0.19, P 5 0.902) among the plots before the treatments were conducted in 2000. The RDA showed that there was no before-treatment difference in species composition among plots (T: F 5 0.72, P 5 0.923; N: F 5 0.95, P 5 0.520). There were no correlations between any of the environmental variables measured and the diversity parameters (Pearson Corr. Coef. , 0.39, in all cases), except for pH, which correlated negatively with species richness (Pearson Corr. Coef. 5 20.62, P 5 0.002) and evenness (Pearson Corr. Coef. 5 20.57, P 5 0.013).
A significant interaction between the temperature treatment (T), nutrient addition (N), and initial species richness on the variability of the total (all functional types combined) species composition, suggested contrasting richness-stability relationships among treatments (Table 1) (Table 1) , together with a negative direction of the slope in the T-treatment regression (Fig. 1a) , suggested that high initial species richness was associated with less variability in the total species composition. There were no significant interactions between any treatments and evenness on community stability (Table 1 , Fig. 1b) . When responses to initial community diversity parameters and environmental perturbations were analyzed separately for each functional type, significant interactions between treatments and initial diversity parameters suggested that the diversity-stability relationship depended on the type of perturbation, diversity parameter, and functional type (Table 1) . For the vascular species, a T 3 N 3 species richness interaction suggested contrasting directions of the richness-stability relationship among treatments (Table 1) . High initial species richness was associated with more variability in the control plots and in plots with nutrient addition, but less variability in plots with experimental warming (Fig. 1c) . A T 3 evenness interaction suggested that also high evenness was associated with less variability of the vascular species composition in plots with experimental warming (Table 1 , Fig. 1d ). For the bryophytes, there was no relationship between initial species richness and variability (Table 1 , Fig. 1e ). However, a T 3 N 3 evenness interaction, and a negative evenness-stability relationship in the TN-plots (R 2 5 0.45, P 5 0.034; Fig. 1f ) suggested that high initial evenness was associated with less variability of the bryophyte composition in plots with warming combined with nutrient addition. Conversely, for the lichens, a T 3 N 3 species richness interaction, and a slightly positive, although not significant (R 2 5 0.34, P 5 0.079; Fig. 1g ) richness-variability relationship in the TN-plots, suggested that high initial species richness was associated with more lichen variability. There were no significant interactions between treatments and evenness for lichen stability (Table 1 , Fig. 1h ).
Discussion
Plant community diversity was associated with stability, measured as temporal change in species composition, in the alpine Dryas heaths at Finse, southern Norway. The degree and the direction of the diversity-stability relationship, however, depended substantially on the nature of the environmental perturbation imposed on the community, and on the responding functional type. Indeed, the interactions between stability, initial diversity, and environmental change were far more complex than suggested previously.
Under experimental warming the stability of the vascular species composition was positively related to initial species richness and evenness. This is fully in line with the hypothesis of greater stability in diverse systems (Elton, 1958) , and with a growing volume of literature predicting that because species differ in their ecological attributes, they respond differently to environmental changes. Consequently, more species in a system can enhance the ability of the system to resist any change (see Hooper et al., 2005) . However, when nutrients were added to the Dryas community, stability of the vascular species composition decreased with higher initial species richness. Furthermore, when warming was combined with nutrient addition (TN-plots), high evenness was associated with a more stable bryophyte composition, whereas, on the contrary, a high species richness was associated with reduced stability in lichen composition. Although diversity is predicted to increase ecosystem stability, the population density of individual species might be destabilized (May, 1973; Tilman et al., 2006) . More species in a system increases the likelihood that the most responsive (negatively or positively) or interacting (competitive or facilitative) species are present. This 'sampling effect' (Huston, 1997; Tilman et al., 1997) enhances the potential for species interactions that may subsequently affect community composition (May, 1973; Tilman, 1996) . When the Dryas heath was exposed to nutrients (N), and experimental warming combined with nutrients (TN), the changes in the abiotic conditions resulted in extensive changes in the biotic environment due to a substantial increase in vascular biomass production (Klanderud and Totland, 2005a) . Species respond differently to warming, fertilization, and changes in the surrounding vegetation. Thus, high initial diversity parameters in these plots might have increased the possibilities for both positive and negative plantplant interactions, with different outcomes among functional General Linear Models (GLMs) ANCOVA on the effects of temperature (T), nutrient addition (N) (fixed factors), block (random factor), initial species richness (Sp richn) and evenness (co-variables), and their interactions on the change (D) in the total species composition, or vascular, bryophyte, or lichen species composition (variability; dependent variables) in alpine southern Norway. F d.f -and P-values are shown.
Significant values are in bold. types. Individual vascular species differ to a large extent in their responses to nutrients, and high initial species richness likely increased the possibilities for both strong and weak competitors to be present. Subsequently, this might have increased the chances for species interactions in plots receiving nutrients, which again decreased stability in vascular species composition. The significantly higher biomass in plots with warming combined with nutrient addition (Klanderud and Totland, 2005a) resulted in decreased abundances of individual bryophytes and lichens (Klanderud, 2008) . Thus, the changes in bryophyte and lichen composition shown in this study are to a large extent likely caused by decreased rather than increased abundances of individual species. The higher stability of the bryophyte composition, i.e. less decrease in abundance, with higher initial evenness in the TNplots, is in line with the classical hypothesis that diversity enhances stability (Elton, 1958) . Lichens, on the other hand, appear to be particularly vulnerable to increases in vascular plant biomass (e.g. Cornelissen et al., 2001; Jä gerbrand et al., 2006) . Thus, high initial community species richness might have intensified interspecific competition for light and space when biomass increased as a result of warming and nutrient addition. For the vascular species composition at Finse, a negative diversity-stability relationship in the control plots changed to a positive relationship in plots with experimental warming. This shows that environmental changes may modify the role of species interactions on community dynamics, which is in line with removal experiments in arctic (Bret-Harte et al., 2004; Wipf et al., 2006) and alpine (Klanderud, 2005; Klanderud and Totland, 2005b) plant communities. Experimental warming resulted in a dryer soil surface in the Dryas heath at Finse (K. Klanderud, personal observation), which likely decreased the abundances of individual species in this system (Klanderud, 2008) . A high initial richness or evenness in these plots might have stabilized the vascular species composition by ameliorating the humidity. Facilitation by improved water absorption and retention has been documented in other studies, and likely explained the positive effects of a high diversity on bryophyte productivity in a temperate plant community exposed to drought (Mulder et al., 2001 ) and in the arctic tundra when water availability was secured (Rixen and Mulder, 2005) . Furthermore, soil moisture was positively related to species establishment and diversity in a seed addition experiment in the Dryas heath at Finse, in particular in plots with experimental warming (Klanderud and Totland, 2007) . This suggests that soil moisture may be an important factor for the actual diversity when this system is exposed to experimental warming.
Because diversity parameters were not manipulated in this study, it is difficult to separate diversity effects from the possible effects of environmental factors that determine diversity itself, such as resource availability and disturbance (Huston, 1997) . However, the lack of before-treatment differences in species richness, evenness, and composition among the plots, suggests that there was no large environmental variability between the plots in this study. This suggests that the diversity-stability relationships shown are, to a large extent, due to the environmental perturbations and the initial diversity parameters. Nevertheless, factors influencing species richness, such as for example soil moisture and pH, are expected to also influence stability, and should therefore be taken into account in diversity-stability studies (Levine, 2000) . In the natural community at Finse, which did not receive any perturbations (control plots), a high initial species richness was associated with a less stable species composition. This contrasted with the hypothesis of greater stability in diverse systems (Elton, 1958) , but is in line with Levine (2000) , who concluded that in natural systems, diverse communities were less stable due to factors co-varying with diversity. In homogenous experimental systems, such factors are most often eliminated, and therefore not taken into account in the diversity-stability discussion (Levine, 2000) .
It is predicted that different aspects of diversity may have different effects on community resistance to environmental change (Hooper et al., 2005) . In our study, the number of species (species richness) was more often significantly related (positive or negative) to stability than the relative abundance of each of the species (evenness). The direction of the relationships, however, were similar for both components in all cases, suggesting that the combined effect of the number and abundance of the species (e.g. Shannon diversity) is likely more important for community stability than each of these parameters separately. The results of our study show that environmental changes caused by global warming can modify the relationship between diversity parameters and alpine plant community stability, but that the direction of the responses may depend on the nature of the environmental change. It is predicted that the magnitude of stability can depend on the type of perturbation imposed on the system (Frank and McNaughton, 1991) . This makes sense, because individual plant species respond in different directions to, for example, temperature, water deficit, nutrient availability, and to vegetation changes. This is, however, rarely shown, perhaps because most diversitystability studies to date are done with perturbations of only one (often negative) direction to the system, such as for example water deficit (see Loreau et al., 2002) . Our results also suggest that whether diversity stabilizes or destabilizes community composition is highly dependent on the responses among the different functional types. Thus, when changes in the community composition are analyzed with all functional types pooled, diversitystability relationships may be hidden because contrasting directions of responses at the functional type level can neutralize each other at the community level. The complex interactions between stability, initial diversity, and simulated environmental change as seen at Finse, also indicate that different mechanisms of the diversity-function and different ecological processes might be operating within the same community. This is in line with diversity-manipulation experiments from grasslands, which have shown that alternative mechanisms are often not mutually exclusive (see Hooper et al., 2005) . Moreover, our results suggest that the net outcome of diversity is the combined effects of species interactions, and the environmental conditions experienced by the community. To understand fully the relationship between diversity and stability, and the mechanisms underpinning it, we need a better understanding of which factors determine the actual diversity of the different systems.
